A nitrogen heat pipe was designed, built and tested for the purpose of providing a thermal shunt between the two stages of a Gifford-McMahan (GM) cryocooler during cooldown. The nitrogen heat pipe has an operating temperature range between 63 and 123 K. While the heat pipe is in this temperature range during the system cooldown, it acts as a thermal shunt between the first and second stage of the cryocooler. The heat pipe increases the heat transfer to the first stage of the cryocooler, thereby reducing the cooldown time of the system. When the heat pipe temperature drops below the triple point, the nitrogen working fluid freezes, effectively stopping the heat pipe operation. A small heat leak between cryocooler stages remains because of axial conduction along the heat pipe wall. As long as the heat pipe remains below 63 K, the heat pipe remains inactive. Heat pipe performance limits were measured and the optimum fluid charge was determined.
INTRODUCTION
Cooldown times for components attached to the second stage of two-stage GM cryocoolers are significantly influenced by the thermal capacitance of the components and by the parasitic heat loads on the cryocooler. For systems containing superconducting magnets with large thermal capacitance, the cooldown times can be considerable. These components are attached thermally and mechanically to the second stage of the cryocooler because, ultimately, this is where the lowest temperatures are attained. However, because the cryocooler's second stage has a significantly lower refrigeration capacity than its first stage, cooldown times can be reduced by temporarily shifting part of the heat load to the cryocooler's first stage where capacity is greater. A gravity-assisted, nitrogen heat pipe is well suited for this task. The heat pipe is installed between the two stages of the cryocooler with the evaporator attached to the second stage and the condenser attached to the first stage. When the heat pipe is between about 123 and 63 K during cooldown, it acts as a thermal shunt connecting the first and second stages together. The heat removed from the load, which is mechanically attached to the second stage, is then shared by the first and second stages of the cryocooler. As the second stage temperature continues to decrease below 63 K, the triple point of nitrogen, the heat pipe becomes inoperable as the working fluid freezes, and the two cryocooler stages become thermally disconnected. There remains a parasitic heat Advances in Cryogenic Engineering, Vol. 41 Edited by P. Kittel, Plenwn Press, New York, 1996 leak along the heat pipe wall which can be made small by proper selection of the heat pipe material and geometry. At temperatures above the critical point (123 K), the heat pipe is also inoperable because of the absence of a two phase interface within the heat pipe. The freezing and thawing process is reversible and does not degrade the operation of the heat pipe.
DESIGN
The heat pipe is gravity-assisted, whereby the condenser is assumed to always be above the evaporator, and should be sized to handle the maximum first stage capacity of the cryocooler. In this way the heat pipe cannot be cooled below the triple point by the cryocooler during cooldown. Only when the second stage approaches the nitrogen triple point will the heat pipe begin to freeze and "shutoff'. The simplest and most economical configuration for this heat pipe is a smooth, thin-wall, stainless steel tube joining copper evaporator and condenser sections. The stainless steel tube minimizes conduction heat leak between the cryocooler stages when the heat pipe is in the off mode and provides adequate strength to contain the heat pipe internal pressure at 300 K. The latter requirement results from the pressure increase between the maximum operating temperature of 123 K and the 300 K ambient temperature. The copper condenser and evaporator sections minimize thermal gradients at the heat transfer surfaces.
For a smooth-wall, gravity-assisted heat pipe, the capacity is primarily determined by the heat pipe cross-sectional area 1. Figure 1 shows the calculated heat pipe capacity for different tube sizes as a function of the heat pipe temperature at the evaporator exit. Under most operating conditions the heat pipe vapor temperature is nearly isothermal and specifying a particular location for the heat pipe temperature is unnecessary. The 9.S mm (3/8") 00 x 0.7 mm (0.028") wall tube was selected to insure adequate capacity for the heat pipe. The maximum capacity of the cryocooler first stage in the temperature range 63 to 123 K was estimated at 80 W.
The heat pipe tube wall thickness was determined by the heat pipe internal pressure and the tube wall stress 2 . Figure 2 shows the allowable internal pressure for each tube 00 considered as a function of wall thickness. An allowable tensile stress in the tube wall of 68.9 MPa (10,000 psi) was assumed with a factor of safety of 2.0. Also shown for reference is the heat pipe internal pressure at 300 K, which is the maximum pressure anticipated. From the figure the minimum wall thickness that does not exceed one half of the allowable stress for a 9.5 mm (3/8") OD tube is 0.7 mm (0.028"). This minimum value was selected to minimize axial conduction along the tube. The calculated axial conduction 
